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Abstract: Tourism activities associated with sandy beaches are essential to the economy of many 
countries around the world. The stability of many tropical beaches depends on the health of adjacent 
coral reefs. The retreat and progressive degradation of coral reefs reflect the poor health of the world´s 
marine ecosystems and threaten the economy and marine biodiversity in many places. Coastline 
protection is one of the ecosystem services provided by coral reefs. This can be mimicked by 
homogeneous low-crested structures (HLCS), a new type of reef breakwater, which is composed of 
very large, stable units without core. It is believed that HLCS can protect beaches and favor the 
colonization of coral, in appropriate conditions, while having minimum visual impact and thus being 
of exceptional value in areas where tourism is an important economic activity. 2D small-scale 
physical tests were carried out to describe the hydraulic performance of 1-layer, 3-layer and 5-layer 
Cubipod HLCS. Simple formulas using the dimensionless crest freeboard are provided to estimate the 
hydraulic performance: transmitted, reflected and dissipated wave energy. 
Keywords: low-crested structures, green infrastructure, wave transmission, hydraulic stability, 
Cubipod, marine ecosystems 
1 Introduction  
The short-term benefits offered by tourism mean that pressure is growing in the coastal regions of 
many countries and consequently many coastal ecosystems are experiencing progressive degradation. 
Climate change affects coastal vulnerability and ecosystems, which are linked in many complex ways 
(Lowe et al., 2011). Ecosystem loss is also produced by ocean acidification and by the projected 
increase in extreme wave climate, sea level rise, erosion and flooding (Silva, et al., 2016). 
Climate change and other human activities (pollutants, inadequate fishing, accidents, etc.) are 
serious threats to the world’s coral reefs. Coral reefs around the world have been retreating at a rate of 
1% to 2% annually over the last four decades (see Rinkevich, 2014). The recent progressive 
degradation of coral reefs in the Caribbean, Australia and South-East Asia has been described by 
Mumby et al. (2007) who give a clear indication of the poor health of marine ecosystems and the 
serious threats facing marine biodiversity (see Jones et al., 2004). This degradation also threatens the 
stability of the beaches protected by these coral reefs (see Ferrario et al., 2014). 
Ecosystem health demands active measures (see Rinkevich, 2005) and coastal solutions must aim 
to reinforce the adaptation or restoration of ecosystems and thus mitigate coastal vulnerability. Nature-
based coastal protection schemes have gained popularity, in part due to the social, economic and 
technical benefits they present (Schoonees et al., 2019). Homogeneous low-crested structures (HLCS) 
are made of large rocks or pre-cast concrete elements similar to a LCS without core, can in some cases 
be seen as multi-purpose green infrastructure (see Silva et al., 2017). When used as a detached 
breakwater, an HLCS can protect the coastline in the same way as a conventional low crested 
structure (LCS), but minimizing the environmental impacts; the construction phase is relatively clean, 
if necessary, dismantling is easy and, in the event of changes in the environmental conditions, the 
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elements are re-useable. In the long-term, the elements of the HLCS offer a statically stable structure 
which can withstand extreme storm waves, different from dynamically stable reef breakwaters of 
medium sized rocks (see Ahrens, 1989).  
In addition, HLCS are highly porous structures which have a range of different light intensities 
between the elements that favors local biodiversity (Sherrard et al., 2016) and increases their value as 
green infrastructure. Although HLCS mimic the wave energy control provided by a coral reef, to 
restore habitats and enhance ecosystem services further information is needed. One of the main 
drivers of ecosystem connectivity are the local hydrodynamics, as these determine the colonization of 
potential species. Therefore, the study of HLCS and their impacts on hydrodynamics must be 
understood from an ecological perspective.  
 
 
Fig. 1. Cross section of a typical 3-layer Cubipod HLCS. This is a statically-stable LCS without core which uses only 
one type of concrete armor unit (Cubipod) placed following specific placement grids. 
The technical goal of this research was to design a HLCS able to withstand storm waves, and through 
small-scale experimental tests to evaluate wave transmission, dissipation and reflection for different 
storm waves and water levels. Once the hydraulic stability of the HLCS is established, being able to 
predict relative energy transmission and dissipation coefficients means that studies on connectivity 
and habitat adaptation evaluation can be conducted. 
 In this study, a new type of Cubipod HLCS was analyzed; it was seen to enhance certain ecosystem 
services and to facilitate marine ecosystem restoration. HLCS have considerable potential in the 
sustainable improvement of marine habitats (Odériz et al., 2018), which can subsequently serve as 
new points of touristic interest. Laboratory tests were carried out to analyze the comprehensive 
hydrodynamic response (transmitted, reflected and dissipated energy) of an HLCS that could enrich its 
surroundings ecologically and reduce coastal hazards there. Three structures were modelled: 1-layer 
(for the intertidal zone), 3-layers (subtidal zone), and 5-layers (subtidal zone). The experiments took 
place in the wave flume of the Port and Coastal Engineering Laboratory at the National Autonomous 
University of Mexico (UNAM). Placement grids, hydraulic stability and wave transmission, reflection 
and dissipation were analyzed. Simple formulas are given to estimate wave transmission, reflection 
and dissipation, based on the dimensionless crest freeboard. 
2 2D Physical Tests 
The porosity and hydraulic stability of an HLCS is highly dependent on the placement grids of 
concrete units. The first objective of this study was to find feasible placement grids for the 1-layer, 3-
layer and 5-layer Cubipod HLCS. Section 2.1 describes the tests carried out prior to the experiments at 
UNAM and establishing the placement grid guidelines for a Cubipod HLCS.    
Once the placement grids were defined, two series of 2D physical tests (scales 1/37.5 and 1/42.8) 
corresponding to structures A1 (1-layer), B5 (5-layer) and C3 (3-layer) and different water levels were 
conducted. The waves and foreshore conditions were selected to correspond to typical conditions in 
the Mexican Caribbean. Section 2.2 describes the experimental set up.  
2.1 Placement grids  
Medina and Gómez-Martín (2016) recommended diamond-type placement grids for Cubipod armored 
breakwaters. Cubipod HLCS, however, are qualitatively different from conventional Cubipod armors 
because the Cubipod units are placed in multiple horizontal layers. In this study, different rectangular- 
and triangular-type placement grids were considered and some of them were tested in the wave flume. 
The best results were obtained with the forward triangular-type placement grid shown in Fig. 2 where 
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the bottom layer is placed as usual (see Medina and Gómez-Martín, 2016) and each element of an 
upper layer is placed on three elements of the under layer (one on the seaward side and two on the 
leeside).  Table 1 shows the geometric characteristics of feasible Cubipod placement grids for HLCS; 
the distance between the rows (e.g. a/Dn50 =1.58 and b/Dn50 =1.27) is referred to the nominal diameter 
or equivalent cube size of the units, Dn50.  
 
 
Fig. 2. Forward triangular-type placement grid for Cubipod HLCS placed on a diamond-type bottom grid. Each 
Cubipod placed in the second layer are supported on top of three Cubipod units from the bottom layer, one unit 
facing the incident waves and two units behind it. 
 
Tab. 1. Geometric characteristics of feasible placement grid for Cubipod HLCS; distances between C-lines and F-lines 
define the basic rectangular grid for the placement of the bottom layer which may be either rectangular or 
diamond grid as shown in Fig. 2. 
 
Line Distance Minimum Distance Maximum Distance Mean Distance 
C a/Dn50 1.31 1.84 1.58 
F b/Dn50 0.79 1.58 1.27 
 
A number of preliminary hydraulic stability tests were conducted to select the best placement grids 
and the best structure configurations. It was observed that gentler frontal slopes have higher hydraulic 
stability. In this study, the forward triangular-type placement grid (see Tab. 1 and Fig. 2) was used to 
build up the Cubipod HLCS models tested in the wave flume. Once the placement grid was selected, 
three structures were designed for testing: 
 
• HLCS-A1 (1-layer) with two rows of Cubipod units. 
• HLCS-B5 (5-layer) with 11, 9, 7, 5 and 3 rows of Cubipod units; envelope slope H/V=1.5 
seaside and leeside. 
• HLCS-C3 (3-layer) with 9, 6 and 3 rows of Cubipod units; envelope slope H/V=2.0 and 1.5 
seaside and leeside, respectively. 
2.2 Experimental set up 
The wave flume is 29 m long, 0.4 m wide and 0.52 m deep. Each HLCS model was placed on a 
horizontal platform elevated to 0.10 m above the bottom, with a m=2% bottom slope, the typical 
bottom slope of Caribbean beaches. Three wave gauges (WG2, WG3 and WG4) were placed in front 
of the HLCS, to measure the incident and reflected waves, following the approach of Mansard & 
Funke (1980) modified by Baquerizo et al. (1997), and three wave gauges (WG6, WG7 and WG8) 
were placed behind the HLCS, to measure wave transmission. A passive absorption gravel beach was 
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placed at the end of the flume and wave gauges were placed near the wave paddle (WG1) and the top 
of the HLCS model (WG5), respectively. Fig. 3 shows the experimental set up. 
 
Fig. 3. Longitudinal cross-section of the experiments carried out (dimensions in meters). 
Models of HLCS-A1, HLCS-B5 and HLCS-C3 were tested at scales of 1/42.8 and 1/37.5.  The 
Cubipod units used were of mass density 2,280 kg/m
3
 with Dn50[m]=0.0380 and 0.0435, respectively.  
Table 2 shows the test matrix of these experiments; each test lasted 20 minutes (approximately two 
hours at prototype scale) with irregular wave trains (JONSWAP, γ=3.3) characterized by the incident 
significant wave height, peak period, and water level. Each structure was tested with three different 
water levels: high water level (H), medium water level (M) and low water level (L). Each water level 
was tested under three different wave energy conditions: high wave energy (H), medium wave energy 
(M) and low wave energy (L).   
Table 2 shows the specific Test ID for each test, using letters and a number. A, B or C indicates the 
geometry of the HLCS, and the following number, 1, 3 or 5, indicates the number of layers of the 
Cubipod HLCS (in this study: A1, B5 and C3). The third letter, a or b, indicates the scale of the test, a 
being 1/42.8 and b being 1/37.5. The fourth capital letter (“H”, “M” or “L”) indicates the wave energy 
(“H” for high wave energy, “M” for medium wave energy, and “L” for low wave energy). Finally, the 
fifth capital letter (“H”, “M” or “L”) indicates the water level (“H” for high water level, “M” for 
medium water level, and “L” for low water level). Table 2 shows the incident significant wave height 
and incident peak period measured by wave gauges WG2 to WG4, using the method to separate 
incident and reflected waves of Baquerizo et al. (1997).  Rc is the crest freeboard of the structure.  
 Tab. 2. Test matrix.  
Test ID Hsi (m) Tpi(s) Rc(m) Test ID Hsi (m) Tpi(s) Rc(m) Test ID Hsi(m) Tpi(s) Rc(m) 
A1aLH 0.019 1.28 0.000 B5aLH 0.045 1.17 0.020 C3aLH 0.047 1.28 0.020 
A1aLM 0.019 1.28 -0.010 B5aLM 0.044 1.17 0.010 C3aLM 0.046 1.28 0.010 
A1aLL 0.019 1.28 -0.020 B5aLL 0.049 1.28 0.000 C3aLL 0.044 1.28 0.000 
A1aMH 0.037 1.71 0.000 B5aMH 0.085 1.48 0.020 C3aMH 0.066 1.71 0.020 
A1aMM 0.042 1.71 -0.020 B5aMM 0.087 1.48 0.000 C3aMM 0.066 1.71 0.000 
A1aML 0.039 1.48 -0.050 B5aML 0.083 1.48 -0.030 C3aML 0.069 1.48 -0.030 
A1aHH 0.044 2.06 0.000 B5aHH 0.093 1.76 0.020 C3aHH 0.066 2.06 0.020 
A1aHM 0.055 1.94 -0.020 B5aHM 0.095 1.76 0.000 C3aHM 0.073 1.78 0.000 
A1aHL 0.063 1.94 -0.050 B5aHL 0.098 1.76 -0.030 C3aHL 0.085 1.81 -0.030 
A1bLH 0.029 1.26 -0.010 B5bLH 0.045 1.27 0.040 C3bLH 0.047 1.26 0.030 
A1bLM 0.030 1.26 -0.020 B5bLM 0.050 1.27 0.030 C3bLM 0.048 1.26 0.020 
A1bLL 0.029 1.26 -0.040 B5bLL 0.049 1.27 0.010 C3bLL 0.047 1.26 0.010 
A1bMH 0.041 1.58 -0.010 B5bMH 0.098 1.63 0.040 C3bMH 0.072 1.62 0.030 
A1bMM 0.043 1.56 -0.040 B5bMM 0.099 1.71 0.010 C3bMM 0.075 1.62 0.010 
A1bML 0.040 1.56 -0.060 B5bML 0.103 1.71 -0.010 C3bML 0.077 1.62 -0.030 
A1bHH 0.050 2.09 -0.010 B5bHH 0.104 1.91 0.040 C3bHH 0.073 2.09 0.030 
A1bHM 0.068 2.09 -0.040 B5bHM 0.103 1.91 0.010 C3bHM 0.076 2.19 0.010 
A1bHL 0.074 2.09 -0.060 B5bHL 0.116 1.91 -0.010 C3bHL 0.095 2.09 -0.030 
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3 Analysis of results 
The hydraulic stability and wave-structure interaction of HLCS-A1, HLCS-B5 and HLCS-C3 are 
described in a previous work by Odériz et al. (2018). Some units in the A1, B5 and C3 models moved 
slightly during the tests described in Table 2. The key factor for LCS functionality in protecting sandy 
beaches is wave transmission. Section 3.1 analyzes the wave transmission recorded in the 54 tests 
which were carried out. Complementary, simple formulas to estimate the coefficient of transmission 
of Cubipod HLCS A1, B5, and C3 are provided. Section 3.2 analyses the wave reflection and energy 
dissipation.  
3.1 Wave transmission  
d’Angremond et al. (1996) correlated the coefficient of transmission with the dimensionless crest 
freeboard (Rc/Hsi) and other explanatory variables (the dimensionless crest width and the Iribarren 
number) in their analysis of wave transmission for a conventional LCS, as in Eq. 1   𝐶𝐶𝑡𝑡 = −0.4 𝑅𝑅𝑐𝑐𝐻𝐻𝑠𝑠𝑠𝑠 + 0.64 � 𝐵𝐵𝐻𝐻𝑠𝑠𝑠𝑠�−0.31 �1 − 𝑒𝑒−𝐼𝐼𝑟𝑟𝑟𝑟𝑠𝑠/2�  (1) 
where Ct = coefficient of transmission, Rc = crest freeboard, Hsi = incident significant wave height, B 
= crest width, and Irpi = Iribarren number considering Hsi and peak period.  
In this study, HLCS were seen to be more permeable than conventional LCS and the transmission 
coefficients measured are higher than those predicted by Eq. 1. Because of the reduced number of 
HLCS tests available, only the dimensionless crest freeboard was selected to estimate the coefficient 
of transmission of Cubipod HLCS A1, B5, and C3. 
The transmission coefficients measured (Ct) from the 18 tests of Cubipod HLCS-A1 and 18 tests of 
Cubipod HLCS-C3, described in Table 2, were used to calibrate the formulas given by Eqs. 2 and 3 to 
estimate the transmission coefficients, Ct, of (A1) and Ct of (C3), respectively. 𝐶𝐶𝑡𝑡(𝐴𝐴1) = 0.45− 0.30 �𝑅𝑅𝑐𝑐𝐻𝐻𝑠𝑠𝑠𝑠�  (2) 𝐶𝐶𝑡𝑡(𝐶𝐶3) = 0.60− 0.35� 𝑅𝑅𝑐𝑐𝐻𝐻𝑠𝑠𝑠𝑠�  (3) 
Eqs. 2 and 3 are valid for the ranges -1.47 ≤ Rc/Hsi ≤ 0.0 and -0.43 ≤ Rc/Hsi ≤ +0.63, respectively. 
Finally, the transmission coefficients (Ct) measured for the 18 tests of Cubipod HLCS-B (5-layer), 
described in Table 2, were used to calibrate the formula given by Eq. 4 to estimate the transmission 
coefficient Ct (B5).   𝐶𝐶𝑡𝑡(𝐵𝐵5) = 𝑚𝑚𝑚𝑚𝑚𝑚 �0.54; 0.54− 0.40 �𝑅𝑅𝑐𝑐𝐻𝐻𝑠𝑠𝑠𝑠��  (4) 
Eq. 4 is valid for the range: -0.36 ≤ Rc/Hsi ≤ +0.89. Fig. 4 compares the measured and estimated 
transmission coefficients, using Eqs. 2 to 4. Fig. 4 shows the 5%, 50% and 95% percentiles of the 
estimated transmission coefficient (Ct); 90% confidence interval of estimations given by Eqs. 2 to 4 
ranges ±0.08.  Eqs. 2 to 4 can be used to estimate the transmission coefficients (Ct) of 1-layer, 3-layer 
and 5-layer Cubipod HLCS with only the dimensionless crest freeboard (Rc/Hsi) as explanatory 
variable; the explained variance is more than 75%.  
Fig. 5 compares the measured transmission coefficients Ct of Cubipod HLCS-A1, HLCS-B5 and 
HLCS-C3 with estimations given by Eq. 1 (LCS) and Eqs. 2 to 4. Eq. 1 proposed by d’Angremond et 
al. (1996) for conventional LCS estimate lower Ct than Eqs. 3 and 4 proposed for Cubipod HLCS-B5 
and HLCS-C3, respectively.  Eq. 1 estimate similar Ct than Eq. 2 proposed for Cubipod HLCS-A1, 
but two rows of Cubipod units (HLCS-A1 structure) is hard to be compared to a conventional LCS. 
As expected, wave transmission of conventional rock LCS with core is usually lower than Cubipod 


















































Fig. 5.  Measured coefficient of transmission Ct (full symbols) of Cubipod HLCS-A1 (black), HLCS-B5 (red) and 
HLCS-C3 (blue) compared with estimated Ct given by Eq. 1 (open symbols) valid for conventional LCS and 
Eqs. 2 to 4 (lines).  
3.2 Wave reflection and energy dissipation 
The total wave energy (proportional to Hsi
2
) may be considered to be divided into three parts: 
transmitted wave energy (proportional to Hst
2
), reflected wave energy (proportional to Hsr
2
), and 











 according to Eq. 5. 𝐶𝐶𝑡𝑡2 + 𝐶𝐶𝑟𝑟2 + 𝐶𝐶𝑑𝑑2 = 1 (5) 
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Incident, reflected and transmitted waves were separated using the 3-point method proposed by 
Baquerizo et al. (1997), using wave gauges WG2 to WG4 and WG6 to WG8 (see Fig. 3). The 
transmission coefficients (Ct) and reflection coefficients (Cr) were calculated for each test, and the 
proportion of dissipated wave energy was calculated using Eq. 5.  










, as a function of the 
dimensionless crest freeboard (Rc/Hsi). The HLCS models studied show a trend similar to that of a 
conventional LCS; when the dimensionless crest freeboard (Rc/Hsi) increases, wave reflection 
increases and wave transmission decreases. For dimensionless crest freeboards close to zero (Rc/His≈ 
0), the proportion of reflected, transmitted and dissipated wave energy is approximately 10% to 15%, 
30% to 40%, and 50% to 60%, respectively.  
The measured coefficients of reflection (Cr) from the 54 tests described in Table 2 were used to 
calibrate the formula given by Eq. 6, to estimate the reflection coefficient for Cubipod HLCS.  𝐶𝐶𝑟𝑟 = 0.36 + 0.05 �𝑅𝑅𝑐𝑐𝐻𝐻𝑠𝑠𝑠𝑠�  (6) 
Eq. 6 is valid for the range: -1.47≤ Rc/Hsi ≤0.89. Eq. 6 can be used to estimate the coefficient of 
reflection (Cr) of 1-layer, 3-layer and 5-layer Cubipod HLCS with the dimensionless crest freeboard 























Fig. 6. Measured Ct
2 (red), Cr
2 (black) and Cd
2 (blue) as a function of the dimensionless crest freeboard (Rc/Hsi) for 
Cubipod HLCS-A1 (squares), HLCS-B5 (circles) and HLCS-C3 (triangles). 
Eqs. 2 to 6 can be used to estimate the proportion of reflected, transmitted and dissipated energy as a 
function of the dimensionless crest freeboard (Rc/Hsi) for 1-layer, 3-layer and 5-layer Cubipod HLCS 
in the specified ranges of application. 
HLCS and conventional LCS are usually designed as detached breakwaters, to reduce the incident 
wave energy arriving at the coastline. For a given incident wave energy at the toe of the structure, the 
performance (transmission coefficient) depends mainly on the crest freeboard. Given the design 
conditions and breakwater location, the incident significant wave height (Hsi) and water level above 
the design water level (Δh) can be estimated, as well as the crest freeboard (Rc). Once the 
dimensionless crest freeboard (Rc/Hsi) is calculated, Eqs. 2 to 6 can be used to evaluate the 
performance of Cubipod HLCS A1, B5 and C3.  


















 (blue); the black, red and blue lines represent the estimated values using 

























Fig. 7. Estimated and measured Ct
2, Cr
2, and Cd
2 for a 3-layer Cubipod HLCS (structure C). 
4 Conclusions 
The retreat of coral reefs threats the local economy and marine biodiversity in the Caribbean and 
many other places around the world where sea-sand-sun tourism is a key economic and social activity. 
One of the ecosystem services of coral reefs is coastline protection. In this study, a new type of LCS, 
called Homogeneous Low-Crested Structure (HLCS) is presented as a potential green infrastructure 
which may regenerate the retreating coral reef in the Caribbean and other areas of the world. The 
typical HLCS is made of only one type and size of a massive armor unit (e.g. cubes, Cubipods or large 
rocks) to form a LCS on a rocky sea bottom, which may be covered with a thin layer of sand. 
HLCS used as detached breakwaters can protect the coastline and sandy beaches like a conventional 
LCS but minimizing the environmental impacts (clean construction, easy dismantling and re-useable 
units). HLCS are highly porous structures with heterogeneous illumination, which favors the 
colonization of a variety of marine species. In the long-term, the massive elements of HLCS offer a 
statically stable structure able to withstand extreme wave storms and, in the worst case, the structure 
can be easily dismantled and the elements re-used in other structures. In addition, HLCS may generate 
new points of touristic attraction because of the beauty of the marine species associated with artificial 
reefs (see Medina and Serra, 1987). 
To assess the feasibility of the Cubipod HLCS in protecting a typical Caribbean beach, a study of 
placement grids and 2D physical tests for three structures (1-layer, 3-layer and 5-layer Cubipod 
HLCS) and two different scales (1/42.8 and 1/37.5) was carried out. Hydraulic stability depends on 
the placement grids; once these grids were selected (forward triangular-type placement grids), 1-layer 
(A1), 3-layer (C3), and 5-layer (B5) Cubipod HLCS were tested. 
The coefficient of transmission (Ct), coefficient of reflection (Cr), and proportion of dissipated 
energy (Cd
2
) can be estimated with Eqs. 2 to 6, which depend only on the dimensionless crest 
freeboard (Rc/Hsi). As expected, HLCS show higher coefficients of transmission than conventional 
LCS, which have a relatively impermeable core, and wave transmission decreases when Rc/Hsi 
increases. When the crest freeboard is null, the proportion of wave energy which is reflected, 
transmitted and dissipated is approximately 10% to 15%, 30% to 40%, and 50% to 60%, respectively. 
The experimental work described here can be seen as a base for mimicking the hydraulic functions 
of a coral reef, thus recovering some of their ecosystem services; coastal protection and habitat 
provision for some species. 
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